Electron microscopic studies of the morphology of rat anterior pituitary cells responsible for the secretion of ACTH have long been a subject of debate by many authors (SIPERSTEIN and ALLISON, 1965; KuROsuMI and KOBAYASHI, 1966; KUROsUMI and OOTA, 1966; RENNELS and SHIINO, 1968; NAKAYAMA et al., 1969; SIPERSTEIN and MILLER, 1970; PELLETIER and RACADOT, 1971) . Evidence of ACTH secretion by these cells, however, was not generally accepted until immunocytochemistry clearly demonstrated the presence of ACTH, either directly under the electron microscope or indirectly by comparison between light and electron microscopic findings of the adjacent sections of the same pituitary cells. MORIARTY and HALMI (1972) demonstrated probable ACTH-secreting cells of the rat anterior pituitary by a method of electron microscopic Immunocytochemistry using peroxidase-antiperoxidase complex (PAP). They showed that these immunoreactive ACTH cells were star-shaped, extended several long processes, and contained secretory 279 granules of about 300 nm in diameter, arranged peripherally along the plasma membrane. BowIE et al. (1973) used a different method of immunocytochemical technique, i.e., the correlation of immunostained thick sections for light microscopy with adjacent thin sections for electron microscopy.
They concluded that the ACTH-secreting cells of the rat anterior pituitary are essentially the same as those reported by MoRIARTY and HALMI (1972) , characterized by the peripheral alignment of round dense secretory granules and the stellate shape of the cell body extending many processes. Immunocytochemistry proves that this cell type undoubtedly secretes ACTH, and it may therefore be called the typical ACTH cell. This cell type is morphologically different from the cells first reported by us as the ACTH producer in the rat anterior pituitary (KURo-SUMI and KOBAYASHI, 1966) . The latter cell type also presumed to be an ACTH-secreting cell does extend processes, but they are thicker than those of the typical ACTH cells, and the cell body is large and polyhedral in shape, and filled with a large number of secretory granules, which are not limited to only the cell periphery.
The immunocytochemical evidence of ACTH secretion of this cell had not been demonstrated until our recent study (KURosuMI et al., 1984) . In that paper we called this type of ACTH cell Type I, and the typical ACTH cell Type II, because the former was reported earlier (KUROSUMI and KOBAYASHI, 1966) than the latter (NAKAYAMA et al., 1969; SIPERSTEIN and MILLER, 1970; MORIARTY and HALMI, 1972) , though the Type II cells were earlier proved immunocytochemically to contain ACTH. We obtained electron microscopic evidence of ACTH production by both cell types, using immunocytochemical tests with a PAP method and f erritin-antibody method on ultrathin sections either chemically fixed or processed by rapid freeze substitution fixation, as well as the morphometric evidence of ACTH secretion by these two types, as the results of adrenalectomy (KURosuMI et al., 1984) . This paper, on the other hand, deals with the results of the protein A-gold method, demonstrating these two types of ACTH cells in the normal male rat gland. The results again favor the theory of two cell types of ACTH-producing cells in the rat anterior pituitary.
MATERIALS AND METHODS

Tissue processing
Adult male rats of the Wistar strain were sacrificed by decapitation.
The pituitary glands were immediately removed, cut into small pieces and fixed with 2.5% glutaraldehyde (Gl) in 1/15 M phosphate buffer (pH 7.4) for 2 hr at 4° C, which shall be called simple Gl fixation in this paper.. After this Gl fixation, some specimens were briefly rinsed in the same buffer and postfixed with 2 % osmium tetroxide in phosphate buffer for 2 hr at 4° C. This procedure shall be referred to as the Gl-Os double fixation. All samples were dehydrated with a series of ascending concentrations of ethanol, infiltrated with propyrene oxide, and embedded in an Epon/Araldite mixture. Ultrathin sections were made with a Porter-Blum MT-2 microtome, mounted onto gold grids, and used for immunocytochemistry.
Preparation of antibody and its specificity test
The rabbit antiserum against porcine 1-39 ACTH (Sigma Grade V) was raised in our laboratory according to the method by IMURA et al. (1965) . To control the specificity of the immunochemical reaction, an absorption test under the light microscope was performed.
The anti-ACTH serum diluted at 1/3000 was absorbed with 500 ng/ml of porcine 1-39 ACTH for 1 hr at 3T C prior to use. Any immunocytochemical reaction was completely eliminated after this absorption.
Preparation of the protein A-gold-anti-ACTH complex
Protein A-gold was made according to the method by FRENS (1973) and HoRIsBERGER et al. (1975) as follows: sodium citrate (30 mg/ml) was added to the boiling 0.01% aqueous solution of HAuC14, and colloidal gold 15 nm in average diameter was obtained. After adjusting the pH to 7.0 with 0.2 M KZC03i 50 ml of the colloidal gold was stabilized with 4401d of 0.02% protein A (Pharmacia Fine Chemicals, Sweden). Then the solution was centrifuged at 15,000 RPM for 1 hr at 4° C and the pellet was resuspended with 5 ml of phosphate buffered saline (PBS) containing 0.2 mg/ml of polyethylene glycol (M. W. 20,000) and 0.050 of sodium azide. This solution was kept in the refrigerator and used as the stock solution.
The protein A-gold was combined with anti-ACTH serum according to the method by HISANO et al. (1983) . One ml of protein A-gold (diluted 1:10 with PBS) was mixed with 25 ai (or 50 ~d) of anti-porcine ACTH antiserum (diluted 1:10 with PBS) and incubated for 2 hr at 32° C. Then this protein A-gold-anti-ACTH complex was used for immunocytochemistry.
Immunocytochemical staining
The grids mounted with Gl-Os fixed specimens were first put on a droplet of saturated aqueous solution of sodium metaperiodate for 1 hr (BENDAYAN and ZoLLINGER, 1983) , and washed several times with distilled water. The subsequent steps were done in the same manner except that the incubations with antiserum were carried out at 30-32° C. The specimens were treated with normal goat serum (1: 20) for 20 min and then washed with PBS. The specimens were then soaked in the protein A-gold-anti-porcine ACTH complex for 2 hr and washed with PBS. The specimens from the simple Gl-fixed material were omitted from the treatment with sodium metaperiodate.
The grids attached with sections were washed briefly with distilled water jet and dried. Electron staining with heavy metal salts was carried out on the other surface of the section than that on which protein-A-gold immunoreaction was performed.
The staining was double with uranyl acetate for 10 min and with lead citrate for 1 min. After washing with distilled water and drying, the grids were observed under a Hitachi H-700 electron microscope at 100 kV.
RESULTS
The postembedding protein A-gold method for immunocytochemistry using EponAraldite as an embedding medium resulted in a positive reaction only upon the secretory granules of ACTH cells, when the primary antibody against porcine 1-39 ACTH was used.
These immunoreactive ACTH cells may be classified into two types according to their morphological characteristics.
The typical ACTH cell has a star-like cell shape and extends many slender processes, especially toward the blood capillary.
The secretory granules are arranged mostly in a single row along the cell surface membrane.
The atypical ACTH cell is often elliptical or polyhedral in outline and sends out some processes, but they are rather thick and short as compared with the typical ACTH cell. The secretory granules fill the entire cytoplasm and are not limited to the peripheral cytoplasm.
An intermediate type of ACTH cell indicating the characteristics of both the types mentioned above was observed.
Typical ACTH cells
Stellate ACTH cells early reported by NAKAYAMA et al. (1969) , SIPERSTEIN and MILLER (1970) and MORIARTY and HALMI (1972) correspond to this type. In a previous paper we called this type of ACTH cell the Type II ACTH cell, but here we call it the typical ACTH cell, because this cell is very conspicuous in appearance, being stellate in shape -thus easily found-and occurs more frequently than the other type (Type I ACTH cell). Immunoreactivity of ACTH (1-39) is very specifically demonstrated in the secretory granules of the typical ACTH cell. Peripherally arranged secretory granules Fig. 1 . A typical ACTH cell of the rat anterior pituitary. The outline of the cell body is irregular in shape and extends several processes. Secretory granules are arranged in a single layer along the periphery of the cell. In some parts of the cell surface, two or three layers of secretory granules are observed. Colloidal gold particles showing ACTH-like immunoreactivity are observed almost exclusively on the secretory granules of this cell, but cells of other types adjacent to the ACTH cell contain no gold particles. GI-fixed. x 12,000. Inset shows higher magnification of secretory granules labeled with ACTH-immunoreactive colloidal gold particles. x 32,000 Gl-fixed. x 12,000. Inset shows higher magnification of the secretory granules, in which the presence of ACTH is indicated by colloidal gold particles.
x 32,000 are almost entirely labeled with colloidal gold particles showing an ACTH-like immunoreactivity ( Fig. 1, 2) . The cell outline is very irregular and sends out several cytoplasmic processes. After glutaraldehyde fixation, almost all the secretory granules of this cell type are observed to be quite homogeneous, but glutaraldehyde followed by osmium tetroxide disclosed a slight heterogeneity of its granules, so that a variation in electron density of granules was observed (Fig. 3) .
A Golgi apparatus may be situated in the cytoplasmic area near the nucleus, with microtubules running through the Golgi area in various directions.
Young secretory granules situated in the Golgi area which are often identified by a clear halo around the central core also react positively to anti-ACTH serum.
Lysosomes often contain dark granules but they are not the colloidal gold particles.
Small cored vesicles can also be observed in the Golgi area, but it is not certain whether these small granules also contain ACTH or not. Immunoreactive gold particles were not found on these small granules (Fig. 3) .
The typical ACTH cells extend many long processes; some of these processes may embrace the abjacent cell and sometimes entirely engulf the neighboring cell (Fig. 4) . It was very often observed that the cell which was encircled by the typical ACTH cell was a growth hormone-producing cell (Fig. 4) . In this case, the plasma membranes of both the ACTH cell and growth hormone cell were probably cut obliquely and difficult to identify in the electron micrograph.
However, the mingling of both cell granules could not be observed, being suggestive of the intactness of cell surface membranes.
Atypical ACTH cells
The other type of ACTH-secreting cells are fewer in number, without the conspicuous stellate shape characteristic of the typical ACTH cells. Therefore, we refer to this type as the atypical ACTH cell. The cytoplasm is greater in volume and contains much more secretory granules than the typical ACTH cell. Immunoreactivity to anti-ACTH serum was also demonstrated on the numerous secretory granules filling the cytoplasm of this type (Fig. 5 ). When fixation with glutaraldehyde alone was used, the secretory granules were homogeneous in appearance and the antigenicity of ACTH was best preserved.
The combination of glutaraldehyde and osmium tetroxide demonstrated a strong variation in electron density of the secretory granules (Fig. 6) . Some secretory granules became less dense and rougher in appearance due probably to the treatment with sodium metaperiodate, as if some material had been extracted away. Some secretory granules remained intact and showed a high electron density. The immunoreactivity to the anti-ACTH serum was somewhat affected by the double fixation, and less dense granules of atypical ACTH cells after the double fixation did not react to the anti-ACTH, as no colloidal gold particles were left on those granules with medium or low electron density.
However, the very dense granules mixing with the less dense ones are most likely ACTH-containing, because colloidal gold particles were found on these granules (Fig. 6 ).
Simple osmium fixation without the use of glutaraldehyde changed most granules of this type into cored vesicles. In such specimens, immunoreactivity to the anti-ACTH antibody was no longer preserved, and the protein A-colloidal gold method could not detect the presence of ACTH in the specimens fixed with osmium tetroxide alone. Well preserved secretory granules with high electron density clearly react to anti-ACTH serum, but poorly preserved granules with medium or low electron density are mostly negative. Cisternae of rough endoplasmic reticulum (ER) are roundly dilated. Gl-Os fixed. x 20,000. Inset shows higher magnification of anti-ACTH reactive secretory granules indicated by the presence of colloidal gold particles. x 67,000
Intermediate type ACTH cells
It was difficult to classify some immunoreactive ACTH cells into typical or atypical types, because these cells showed characteristics of both types. The cell body was not stellate in shape but round or polyhedral, the volume of cytoplasm large like an atypical ACTH cell, but they contained a relatively small number of secretory granules which were aligned in a single row on a part of the cell surface like a typical ACTH cell (Fig. 7) . After single fixation with glutaraldehyde, this cell showed a strong reaction of secretory granules to anti-ACTH serum, as indicated by the fact that the colloidal gold particles were thickly accumulated on and near the secretory granules. However, the frequency of occurrence of these intermediate type cells was not so high.
DISCUSSION
In many electron microscopic researches published concerning the rat anterior pituitary cells responsible for the ACTH secretion, at least two types of different cell morpho- The cell body is elliptical in shape with ample cytoplasm, but secretory granules are arranged peripherally, especially along the upper side cell border where they are aligned in a single row, looking like typical ACTH cells.
Therefore, this cell has the characteristics for both typical and atypical ACTH cells and may be called an intermediate type.
GI-fixed. x 10,000. Inset shows a higher magnification of secretory granules reacting to anti-ACTH conjugated colloidal gold particles.
x 32,000 logy have been described. Type I ACTH cells (corticotrophs) of KuRosuMI and YuKI-TAKE (1980) , KURosuMi et al. (1981) and KuRosuMI et al. (1984) was first reported by KUROSUMI and KOBAYASHI (1966) followed by KuRosuMI and OOTA (1966) , YAMADA and YAMASHITA (1967) , RENNELS and SHIINO (1968) and COSTOFF (1973) . They are rather big cells with a few processes and ample secretory granules filling the cytoplasm.
After simple osmium fixation, most of secretory granules appear to be cored vesicles but they become solid either after stimulation by adrenalectomy (KURosuMI and KOBAYASHI,1966) or initial fixation with glutaraldehyde with or without postfixation with osmium (RENNELS and SHIINO, 1968; KUROSUMI et al., 1984) .
Type II ACTH cells (KURosuMI and YUKITAKE, 1980; KuRosuMi et al., 1981; KURosUMI et al., 1984) are those reported first by NAKAYAMA et al. (1969) and followed by SIPERSTEIN and MILLER (1970) , PELLETIER and RACADOT (1971) , MORIARTY and HALMI (1972) and others. The morphological characteristics of Type II ACTH cells are the small, stellate shape of cell body which extends slender processes, and the peripheral arrangement of secretory granules.
There had been no decisive evidence as to which of these two cell types might actually secrete ACTH until the immunocytochemical technique was introduced to the electron microscopic morphology of the anterior pituitary cells. Type II cells were soon proved to contain ACTH by immunocytochemistry directly on electron microscopic specimens (MoRIARTY and HALMI, 1972) and correlation of thin sections for electron microscopy to the adjacent thick sections immunostained with anti-ACTH serum was performed (BOWIE et al., 1973) . After these reports the Type II cells were thought by most researchers of pituitary morphology to be the only source of ACTH in the rat anterior pituitary, and this type of rat pituitary cell was described as the sole ACTH cells even in some textbooks.
Recent progress in immunocytochemistry demonstrated, not only in rat but also in other mammals, that the ACTH producers in the anterior lobe are not a single cell type, but several different types of cells are responsible for ACTH production. For example, YOSHIMURA and NOGAMI (1981) described four different types of ACTHproducing cells in the rat anterior pituitary, and DAcHEUx (1981) described two or three types of ACTH-secreting cells in the porcine anterior pituitary. KuRosuMI and coworkers (1980, 1981, 1984) described two major types of ACTH-secreting cells, i.e., Types I and II which correspond to the cells first described by KuRosuMI and KoBAYASHI (1966) and those by NAKAYAMA et al. (1969) , respectively.
We described also the transitional (intermediate) cell type between the Type I and Type II (KuRosuMI et al., 1984) . Our results were identical to those of DAcHEUX (1981), who described two major types of pig ACTH/endorphin cells and an intermediate between them. According to the description by DAcHEUX (1981) , the first type of pig ACTH/endorphin cell is a large regularly shaped cell containing numerous secretory granules, being reminiscent of our Type I cell; the second is a small, irregularly shaped, angular or stellate cell with secretory granules aligned along the cell periphery, which may correspond to our Type II cell; the third is the intermediate between the two types mentioned above.
Through the observations with light and electron microscopes on the immunostained ACTH cells, we noticed that the type II ACTH cells are more numerous than Type I ACTH cells in the rat anterior pituitary, and therefore, we refer to Type II cells as typical ACTH cells, while Type I cells as atypical ACTH cells.
YosHIMURA and NoGAMI (1931) differentiated the Siperstein cell from the Moriarty cell and added two other types to ACTH cells, therefore describing four types of ACTH cells. In our experiences, Siperstein cells and Moriarty cells cannot be differentiated, and also the 3rd and 4th types of YosHIMURA and NoGAMI seem to us to be the same cell type.
Direct demonstration of the antigen site under the electron microscope seems superior to the indirect method of comparison of adjacent thin and thick sections of the same cell, one by electron microscopy and the other by light microscopic immunocytochemistry.
All of the PAP, ferritin and protein A-gold methods brought about the same results for ACTH producers in the rat anterior pituitary (KuRosuMI et al., 1984 and the present result), so that the presence of two different types of ACTH-producing cells and an additional intermediate between these two major types is now undoubtedly evident.
